1. The effect of phenobarbitone on the rate of protein synthesis and on the sedimentation patterns of various liver subcellular fractions containing ribosomes was studied in rats. 2. Phenobarbitone treatment increased the incorporation of [14C]leucine into protein by all preparations, provided they had not been subjected to preliminary treatment with Sephadex G-25. The phenobarbitone-induced effect on incorporation was associated with a gain in liver weight and a higher degree of polyribosomal aggregation. 3. Preparations that were treated with Sephadex G-25 incorporated more radioactivity into protein, but did not show the response to phenobarbitone treatment. 4. When the influence of starvation and phenobarbitone was studied separately on membrane-bound and membrane-free polyribosomes, it was shown that whereas both classes of polyribosomes were affected by starvation, apparently only the former class was susceptible to phenobarbitone stimulation of protein synthesis. 5. The decreased capacity for protein synthesis of polyribosomes from starved rats was independent of their association with the membranes of the endoplasmic reticulum, but resulted from polyribosomal disaggregation, from an intrinsic defect of the polyribosomes themselves and from changes in composition of the cell sap. 6. The results are discussed in relation to the problem ofthe control ofprotein biosynthesis and of the functional separation of membrane-bound and membrane-free polyribosomes.
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The structural and functional integrity of a cell depends, among other factors, on a balance between the rate of protein synthesis and degradation. Any condition affecting its ability to maintain a normal rate of protein biosynthesis will also lead to a progressive impairment of function.
Starvation in the rat is accompanied by loss in liver weight (Schultz, 1949; Thomson et al., 1953) , de- granulation of endoplasmic reticulum (Henshaw et al., 1963) , fragmentation of polyribosomes (Wittman et al., 1969; Richardson et al., 1971 ; Arora & De Lamirande, 1971 ) and a decreased rate of protein biosynthesis (Wagle, 1963; Sox & Hoagland, 1966; Richardson et al., 1971) . In contrast, phenobarbitone, a potent inducer of many liver microsomal enzyme systems (Conney & Burns, 1962; Gillette, 1963) , increases the amount of the smooth endoplasmic reticulum (Orrenius et al., 1965) and the rate of protein synthesis in rat liver both in vivo (Kato et al., 1965a; Jick & Shuster, 1966; Glazer & Sartorelli, 1972) and in vitro (Gelboin & Sokoloff, 1961; Kato et al., 1965b Kato et al., , 1966 .
As part of an investigation being carried out in this laboratory on the regulation of the rate of protein synthesis in normal (Ragnotti, 1971) and injured liver cells (Ragnotti et al., 1970; Cajone et al., 1971) , the effects of phenobarbitone have been studied in both Vol. 146 fed and starved rats. The results show that the starvation-induced effects are almost completely prevented by phenobarbitone administration. Both membrane-bound and membrane-free polyribosomes exhibited impaired function in the starved state, but apparently only the former class of polyribosomes responded to phenobarbitone administration.
The results are discussed in relation to the problem of the control of protein biosynthesis and of the functional separation of membrane-bound and membrane-free polyribosomes. Phenobarbitone (20mg/ml in 0.154M-NaCI) was administered by intraperitoneal injection once daily at a dose of 80mg/kg body weight (Kato et al., 1966 (1960) ]. The liver mince was homogenized in 2.Ovol. of medium A for the preparation of the postmitochondrial supernatant and membrane-free and membrane-bound polyribosomes, and in 2.5 vol. of medium A for the preparation of the detergent-treated polyribosomes . The preparation of the subcellular fractions was that previously described (Ragnotti, 1971) with the following modifications.
(a) Postmitochondrial supernatant. This was prepared by centrifuging the homogenate for 20min at 13000g in the 870 rotor (ra,. 6.9cm) of the International B20 refrigerated centrifuge. After discarding the fatty layer at the top, the upper two-thirds of the supernatant were collected and a portion (5ml) was passed through a column (1 cm x 20cm) of Sephadex G-25 (coarse grade) equilibrated with medium A, the first 2.5 ml being collected.
(b) Cell-sap fraction. The postmitochondrial supernatant was centrifuged at 65000rev./min for 150min in the FAR 65 rotor (ra,. 5.7cm) of the L2-65 B Spinco ultracentrifuge. After removal, of the fatty layer, the upper two-thirds of the supernatant (cell sap) were collected. A Sml portion was loaded on to a column of Sephadex G-25 (course grade) (1cm x 20cm) equilibrated with medium B, the first 2.5ml being collected. The remainder of the cell sap was retained without further treatment.
(c) Membrane-bound and membrane-free polyribosomes. These were isolated as previously described (Ragnotti, 1971) with only minor modifications. In particular, centrifugation of the postmitochondrial supernatant on a discontinuous gradient of 0.5-1.6M-sucrose in TKM I buffer, for 150min at 65000rev./min in a FAR 65 rotor (ray. 5.7cm) of the Spinco L2 65 B ultracentrifuge, yielded the membrane-bound polyribosomes at the interface and the free polyribosomes at the bottom of the centrifuge tube. Membrane-bound polyribosomes, resuspended in cell sap, were sedimented on a 1 ml cushion of 2M-sucrose in TKM 2 buffer by centrifugation at 65000 rev./min for 30min in a Spinco FAR 65 rotor. The supernatant was discarded and the tube rinsed with 5ml of medium B. The membrane-bound polyribosomes, together with cushion, were resuspended in medium B by gentle homogenization with a loosefitting Teflon pestle to half the original volume of the postmitochondrial supernatant. The suspensions were centrifuged in a cooled swinging-bucket rotor (ray. 9.5cm) at 3500g for 5min to remove aggregated material. A portion of the supernatants was diluted with medium B to an RNA concentration of 1 mg/ml for the determination of the protein-synthesizing activity.
(d) Detergent-treated membrane-bound polyribosomes. These were prepared by resuspending the membrane-bound polyribosomes, which had sedimented at the interface of the 0.5-1.6M-sucrose, to the original postmitochondrial volume with concentrated cell sap (obtained from a 1:1 homogenization) to inhibit ribonuclease (Lawford et al., 1966; Blobel & Potter, 1966) . The suspension was gently homogenized, mixed with 0.1 vol. of sodium deoxycholate (1.3 % final concn.) and centrifuged on a discontinuous gradient of 0.5-2.0M-sucrose in TKM 1 buffer in the Spinco FAR 65 rotor for 150min. The polyribosomes that sedimented at the bottom of the centrifuge tube were resuspended in TKM 2 buffer and centrifuged at low speed to remove aggregated material. A portion of the supernatant was diluted with medium B to an RNA concentration of 1 mg/ml for amino acid incorporation experiments.
Amino acid incorporation by subcellular fractions. The incubation mixture (volume 0.1 ml) contained 0.01 ml of postmitochondrial supernatant (before or after Sephadex treatment), 2mM-ATP, 0.25 mM-GTP, 10mM-phosphoenolpyruvate, 0.31 pCi of [14C]leucine, 50g of pyruvate kinase, 6.4mM-MgSO4,7H20, 131 mM-sucrose, 18.5 mM- KCl and 28.9mM-Tris-HCI 1975 buffer, pH7.8 at 200C. Other incubations contained the same volume of membrane-free, membranebound or detergent-treated membrane-bound polyribosomes. In these cases the mixture also contained cell sap (0.02ml) at the protein concentration specified.
Since the protein-synthetic activity of the isolated polyribosomes plus cell sap depends on the ratio rRNA incubated/cell-sap protein (Ragnotti, 1971; Lowe & Hallinan, 1973) , care was taken to keep this ratio constant and above the limiting value of 50 (Munro et al., 1964) . After 30min at 370C without shaking, the incorporation process was stopped by the addition of 1.4ml of an ice-cold solution, containing IOmM-L-leucine, 10mM-EDTA (disodium salt) and 154mM-NaCl. After adjustment to pH7.0 with 4M-NaOH (Ragnotti etal., 1970) , the incorporation of radioactivity was determined as previously described (Ragnotti et al., 1969) , with the modification that Omnifluor (4g/litre of toluene) was used as scintillant. Radioactivity was counted with an efficiency of 80% (background 16c.p.m.) in a Tri-Carb liquid-scintillation spectrometer (model 3365, Packard Instruments Co. Inc.); the standard error was 5% or better. The magnitude of the quenching, measured by the channels-ratio method, was found to be similar for all incubation mixtures. Incorporation values were corrected by subtraction of a control kept at 0°C for 30min . The radioactivity of the controls (about 45c.p.m. above background) was independent of the amount of protein, RNA, or of the time elapsed before the addition of the leucine-EDTA solution. It reflected the radioactivity trapped on the filter. Density-gradient analysis ofpolyribosome profiles. These were performed as described previously (Ragnotti, 1971) .
Measurement ofRNA andprotein in the subcellular fractions. The RNA content of the isolated polyribosomal fractions to be assayed for protein synthesis was adjusted to a concentration of 1 mg/ml by determining E260 and converting the value obtained into orcinol RNA by a method previously described (Ragnotti, 1971) . The RNA content of the postmitochondrial supernatants and of the diluted ribosomal suspensions assayed for protein synthesis was determined by the orcinol method (Mejbaum, 1939) and cell sap protein by the biuret method (Layne, 1957) .
Statistical treatment. Except when otherwise stated, the differences of the means were tested for statistical significance by the analysis of variance.
Results

Effect ofphenobarbitone on liver weight
Phenobarbitone significantly increases rat liver weight over that of the controls without affecting the body weight or the water content of the livers (Table 1) .
Influence ofphenobarbitone on the amount and distribution ofRNA in various liver subcellular fractions Phenobarbitone treatment (Table 2 ) increases total liver RNA by 6%. Fractionation of the postmitochondrial supematant into membrane-bound and membrane-free polyribosomes shows that the administration of the drug is associated with a redistribution ofrRNA in the two polyribosomal fractions. The increase in polyribosomal RNA was 30% and this was associated with a shift in the ratio free/membrane-bound plus membrane-free polyribosomes from 59 to 32% in the phenobarbitone-treated group. Since this latter value is similar to that in normal livers (Webb et al., 1965; Blobel & Potter, 1967;  G-25 increases the specific radioactivity of the synthesized protein when the particulate fraction is incubated with radioactive amino acid (Munro et al., 1964) . Since the effect of phenobarbitone on protein synthesis might be mediated by changes in the lowmolecular-weight components that are removed by Sephadex treatment, all incorporation experiments were done with fractions before and after Sephadex treatment.
(1) Protein synthesis in postmitochondrial supernatant (Table 3 In the group starved for 96h the effect of phenobarbitone was evident in both Sephadex-treated and untreated fractions, the stimulation being statistically significant in animals receiving the drug for either the whole period ofstarvation or only during the latter 48h.
The polyribosome profiles ofthe postmitochondrial supernatants from the experiments in Table 3 are shown in Fig. 1. Simple inspection of the profiles shows that starvation progressively decreases the amount of heavy polyribosomes with a concomitant increase in the lighter forms. Phenobarbitone administration, except perhaps for the fed animals, decreased the proportion ofmonomers and dimers, with the result that most of the rRNA was present in the form of heavy polyribosomes. There was no significant difference between the polyribosomal profiles from the livers of rats starved for 96h and receiving phenobarbitone throughout and those treated only during the last 48h.
When postmitochondrial supernatants from the livers offed, 48 h-starved and starved phenobarbitonetreated animals, were subjected to Sephadex chromatography, they did not ability to incorporate [14C]leucine into protein. This could be the consequence of (a) the preferential breakdown of polyribosomes from phenobarbitonetreated rats during Sephadex treatment, (b) the removal of a component necessary for the full expression of the protein-synthesizing capacity of polyribosomes after phenobarbitone treatment, or (c) the removal of low-molecular-weight inhibitors present in the control fractions but not in those from phenobarbitone-treated rats. These three possibilities are considered in turn.
(a) The polyribosomal profiles of control and phenobarbitone-treated postmitochondrial supernatants were analysed before and after Sephadex treatment. Sephadex chromatography did not have any influence on the physical state of the polyribosomes.
(b) If this hypothesis was correct, the addition of an extra amount of cell sap (0.01 ml/0. I ml of incubation mixture not treated with Sephadex and obtained from the liver of a 12h-starved animal) to the Sephadextreated fractions should increase the amount of radioactivity incorporated by fractions from phenobarbitone-treated rats but not by those from controls. The results showed that after cell-sap addition, the specific radioactivities of the protein synthesized by fractions from control and phenobarbitone-treated animals were decreased to practically the same extent (-21, -68 % for controls and -27, -57 % for experimental animals, before and after Sephadex chromatography respectively).
This, together with the results obtained in Table 3 , which demonstrate that (i) the phenobarbitone stimulation is consistently greater in the fractions not treated with Sephadex and (ii) Sephadex treatment increases the activity of the fractions from the controls more than these from phenobarbitone-treated animals, favours hypothesis (c), which suggests that the reduction of phenobarbitone stimulation after Sephadex treatment occurs as a consequence of an increase in the activity of controls rather than a decrease in the activity of the polyribosomes from phenobarbitone-treated rats. From the above experiments it is, however, clear that the routine use of Sephadex may mask important effects in this system.
(2) Protein synthesis in membrane-bound and membrane-free polyribosomes. The postmitochondrial supernatant has several advantages over other amino acid-incorporating systems used in this type of study (Richardson et al., 1971) (Table 4) The suspensions (0.5ml), prepared as specified in the Materials and Methods section, were layered over a 12ml linear gradient of sucrose (15-50%) in TKM 1 buffer and centrifuged for 150min at 40000rev./min in a Spinco SW 40 (ra,. 11.1cm) or in an International SB 283 rotor (ray. was thus fractionated into membrane-bound and membrane-free polyribosomes and the influence of phenobarbitone on the activity and on the physical properties of the two classes of polyribosomes was studied. These experiments were performed only on starved animals, since the high glycogen content ofthe livers from fed rats makes polyribosome preparation difficult (Lowe et al., 1970) . The results (Table 4) show that, in every situation tested, membrane-bound polyribosomes consistently exhibited increased incorporation in the phenobarbitone-treated groups. At variance with the results obtained for postmitochondrial supernatant, the effect was demonstrable also in the presence of Sephadextreated cell sap.
In contrast, the membrane-free polyribosomes exhibited no response to phenobarbitone treatment in the 48 h-starved group. When the starvation period was prolonged to 96h the decrease in the incorporation was about 50 % for the control and phenobarbitone-treated groups, except for the polyribosomes from the phenobarbitone-treated group incubated with Sephadex-treated cell sap, where the fall was only 10 %. This suggests that an inhibitor of small molecular weight was in part responsible for the decreased activity of free polyribosomes from the phenobarbitone-treated group. The phenobarbitone effect was significant, independently of the Sephadex treatment, in the group starved for 96h and receiving phenobarbitone for the latter 48h.
The polyribosome profiles of the fractions reported in Table 4 are shown in Fig. 2 . Starvation for either 48 or 96h causes a marked distortion in the profile of membrane-bound polyribosomes in that a high monomer component was present. Phenobarbitone greatly increases the degree of aggregation and the profiles are eventually similar to those seen in the normal fed rat (Fig. la) . Phenobarbitone treatment did not influence the profile of the free polyribosomes from rats starved for 48 or 96h (in which extensive degradation to monomers was seen), except for rats receiving phenobarbitone for the latter 48h of a 96h starvation period, where a significant increase in the polyribosome peak was observed (Fig. 2f ).
Effect ofheterologous cell sap on the incorporation of [14C]leucine into protein by detergent-treated membrane-boundpolyribosomes
Although the changes in degree of aggregation of membrane-bound polyribosomes appeared to account for the phenobarbitone effect, other possibilities could not be excluded, for example the influence of cell sap and membranes of the endoplasmic reticulum. To test these possibilities, membrane-bound polyribosomes from 48 h-starved and starved phenobarbitone-treated animal were freed from membranes as described in the Materials and Methods section. This preparation is referred to as 'detergenttreated membrane-bound polyribosomes '. 1975 Bottom Top Bottom Top Fig. 3 . Sedimentation patterns ofmembrane-boundpolyribosomes: effect ofdetergent treatment The ribosomal suspensions (0.5 ml), prepared from the same pooled livers as specified in the Materials and Methods section, were layered over a 12mllinear gradient ofsucrose (15-50%Y) inTKM 1 buffer, and centrifuged for 150min at 40000rev./min in a Spinco SW 40 rotor (ray. 11.1 cm). Arrows indicate the position of monomers. (a) membrane-bound (----) and detergent-treated membrane-bound (-) polyribosomes from 48h-starved animals (0.28 and 0.43mg of RNA respectively); (b) membrane-bound (----) and detergent-treated membrane-bound ( ) polyribosomes from 48 h-starved phenobarbitone-treated animals (0.61 and 0.48mg of RNA respectively).
The sedimentation profiles of these and of the original membrane-bound polyribosomal suspensions are shown in Fig. 3 . Confirming previous results (Webb et al., 1964; Munro, 1968) , centrifugation of the polyribosomal fractions through the dense sucrose layer resulted in a loss of the lighter species, with preferential recovery of the heavier polyribosomes. Since the loss was not proportional to the amount in the original suspensions, the detergent-treated membranebound polyribosomes from control and phenobarbitone-treated rats showed identical sedimentation profiles. Their protein-synthetic activity (Table 5) is thus independent of the degree of aggregation and depends only on the intrinsic properties of the polyribosomes. Detergent-treated membrane-bound polyribosomes incubated in the presence of homologous cell sap, whether or not treated with Sephadex, incorporated significantly less radioactive leucine into protein than did the phenobarbitone-treated counterpart. When control detergent-treated membrane-bound polyribosomes were incubated in the presence of heterologous cell sap, the incorporation was significantly higher than that in the presence of homologous cell sap, only when cell sap not treated with Sephadex was used. Conversely, control cell sap significantly lowered the activity of experimental polyribosomes only if cell sap not treated with Sephadex was used. The source of cell sap had no influence on the protein-synthetic activity of the free polyribosomes.
Discussion
The following points deserve discussion: (i) the influence of starvation and of phenobarbitone on the physical and functional properties of rat liver polyribosomes, and (ii) the relevance of the results obtained to the problem ofthe control ofprotein biosynthesis in the intact cell and ofthe functional separation of membrane-bound and membrane-free polyribosomes.
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As a consequence of starvation the rate of protein synthesis in rat liver is decreased. The results of the experiments presented in this report demonstrate: (i) that detergent-treated membrane-bound polyribosomes of comparable size from control and experimental livers retain the same differences in proteinsynthesizing capacity as the cruder preparations from which they were derived, (ii) that cell sap from phenobarbitone-treated rats does not restore the activity for protein synthesis of the starved polyribosomes, and (iii) the presence in the cell sap from starved rats of soluble low-molecular-weight inhibitors. Starvation seems then to exert direct and indirect effects on the activity of the polyribosomes, directly, by decreasing their amount of aggregation and intrinsic ability to synthesize protein, and indirectly, by promoting the build-up in the cytosol of soluble low-molecularweight inhibitors. The membranes of the endoplasmic reticulum do not seem to exert any influence on the activity of the associated polyribosomes. Phenobarbitone administered to well-fed or starved animals results in a significant increase in the amount of [14C]-leucine incorporated into protein. The increased rate of protein synthesis in vitro is associated with the maintenance of a normal degree of aggregation of the membrane-bound polyribosomes and with an increase in liver weight. Since phenobarbitone does not significantly increase the degree of polyribosomal aggregration in fed animals, the enhanced rate of protein synthesis which followed the administration of the drug implies that in the normal liver a portion of the polyribosomal population, though aggregated, is inactive with respect to protein synthesis. After phenobarbitone administration, following the demand for an increased rate ofprotein biosynthesis, the dormant polyribosomes are brought into action. This conclusion implies the existence in the normal liver of a 'ready for use' functional reserve. A similar hypothesis was proposed by Scornik (1969) for regenerating rat liver. Since the increased protein-synthesizing activity of the polyribosomes from pheno- (Sox & Hoagland, 1966) . Pheno- barbitone and the diet have thus a similar effect on the functional capacity of rat liver polyribosomes. This suggests that phenobarbitone and the diet influence the rate of protein synthesis by acting through a common physiological effector and suggests also the possibility that this or related molecules may be used to ameliorate a damaged liver function.
Though the present experiments do not provide direct experimental evidence for the nature of the mechanism involved, there is indirect support to the hypothesis that this mechanism may involve the redox state of the cell. From the analysis of the results obtained in various laboratories (Williamson et al., 1967; Brosnan et al., 1970; Gaja et al., 1973; Sox & Hoagland, 1966; Pilkis & Korner, 1971; Smuckler & Trump, 1968; Ragnotti et al., 1970; Cajone et al., 1971; Nolan & Hoagland, 1971) it appears that an increased reduction of the cytoplasm is constantly accompanied by polyribosomal disaggregation and by a decreased rate of protein biosynthesis and that these alterations are promptly reversed on normalization of the redox state. Further, preliminary experiments performed in our laboratory have demonstrated that, in agreement with the findings of Murthy (1966) , the addition of NADPH or NADH to a cell-free system inhibits protein synthesis in a concentrationdependent fashion.
Phenobarbitone administration, by increasing the activity of the hepatic 'drug-metabolizing system' (Conney et al., 1960) , increases the removal of reducing equivalents (Holtzman et al., 1968) , hence maintaining the cytoplasm in an oxidized state.
In this respect the results obtained by Rawat & Kuriyama (1973) are relevant. They demonstrated that the fall in the NAD+/NADH ratio, which follows ethanol administration, is prevented by phenobarbitone.
Hence phenobarbitone should enhance the rate of protein synthesis by maintaning the cytoplasm in an oxidized state. The lowered phenobarbitone stimulation of protein synthesis after Sephadex chromatography may be interpreted in the sense that this treatVol. 146 ment removes the excess of reducing equivalents from the control fractions.
When the activity and the polyribosomal patterns of membrane-bound and membrane-free polyribosomes from starved and starved phenobarbitonetreated animals were examined, it was found that whereas phenobarbitone had a great effect on the activity and the sedimentation profiles of the membrane-bound polyribosomes, it was ineffective with respect to the free polyribosomes, except when administered for the latter half of a 96h-starvation period. Since the ratio of membrane-free to membrane-bound polyribosomes, altered by starvation, is restored to normal after phenobarbitone administration and since both classes of polyribosomes respond to phenobarbitone administration with an increased rate of synthesis of a specific membrane protein (NADPH-cytochrome c reductase; Glazer & Sartorelli, 1972) , the results can be interpreted as follows. After 48 h of starvation without phenobarbitone treatment, a segment of the membrane-bound polyribosomal population detaches from the membranes and becomes free in the cytoplasm. The increased proportion offree polyribosomes without any major change in the total amount (Table 2) , and the enlargement of the free ribosomal pool after starvation (Henshaw et al., 1963) , are in agreement with this interpretation. After this period of starvation, the free ribosomal population would then consist in control animals of two distinct classes of polyribosomes, one originally free in the cytoplasm and one originally bound to the membranes of the endoplasmic reticulum, whereas only the former is represented in the experimental livers. Thus phenobarbitone preserves the integrity of the membrane-ribosome interaction.
When the starvation period was increased to 96h, free polyribosomes from both control and experimental groups were equally and extensively degraded to monomeric ribosomes, but more free polyribosomes were recovered in the pellet from the control than from the phenobarbitone-treated group (G. Ragnotti & M. G. Aletti, unpublished work) . The group starved for 96h and receiving phenobarbitone for the latter half of the period yielded the same polyribosome profile as those starved and phenobarbitone-treated for 48h, although the amount of free polyribosomes recovered was intermediate between the starved controls and those starved for 96h and treated throughout. These observations seem to indicate that all free polyribosomes are degraded to monomers in the control group, but only that part of the polyribosome population that is not responsive to phenobarbitone do so in the experimental group. The remaining polyribosomes, which are responsive to phenobarbitone, remain aggregated and may eventually bind to the membrane of the endoplasmic reticulum.
This interpretation receives experimental support from recent results obtained by Lowe & Hallinan (1973) on the biosynthesis in vitro of the phenobarbitone-inducible (Kuriyama et al., 1969) membrane protein cytochrome c reductase. These authors have demonstrated that this enzyme is actively synthesized by free polyribosomes and that its synthesis is greatly enhanced soon after phenobarbitone administration.
In agreement with previous reports (Loeb et al., 1967; Talal & Kaltreider, 1968; Ragnotti et al., 1969; Tanaka et al., 1970; Lee et al., 1971; Venkatesan & Steele, 1972; Mishra et al., 1972) , our results suggest first that the two classes of polyribosomes present within the liver cell, though morphologically distinct, are not functionally separate and secondly that the membrane-ribosome interaction is a dynamic relationship that shifts as the functional requirements of the cell demand.
